During the last 20 years, evidence has accumulated that viruses with RNA genomes have a greater potential to vary than those with DNA genomes (9) because of the greater error rates of their RNA-dependent RNA polymerases (10) combined, in some at least, with recombination or reassortment of genomic segments (7, 20) . Nonetheless, the potential to vary does not necessarily ensure evolutionary change, as that also depends on the strength of selection for (positive selection) or against (negative or purifying selection) change, and indeed there are some RNA viruses that show little variation (26) . Some of the best-studied examples of genetic stability of RNA virus populations are from plant viruses, such as turnip yellow mosaic tymovirus (TYMV) (3, 36) and tobacco mild green mosaic tobamovirus (TMGMV) (13, 31) . TMGMV is common in wild Nicotiana glauca Grah populations wherever this plant is found throughout the world (19, 31) . Fraile et al. (13) analyzed gene sequences from TMGMV isolates from geographically close and distant N. glauca populations and found very little variation. This probably indicates that most mutational change resulted in a loss of fitness and has been eliminated from the population by negative selection.
We report here a gene sequence analysis of tobacco mosaic tobamovirus (TMV) and TMGMV isolates from New South Wales (NSW), Australia, obtained from both living wild N. glauca plants and herbarium specimens that had been collected in the same region. Together these specimens have provided isolates spanning almost a century and a unique opportunity to analyze virus evolution. We have found that most of the earliest samples of N. glauca from New South Wales were infected with both TMGMV and TMV, and the latter subsequently disappeared from the N. glauca population. The data show that, over the period analyzed, the TMGMV isolates have, as elsewhere, changed very little, whereas the genetic divergence of TMV increased with time as mutations at synonymous sites accumulated. Clearly TMV is less competitive than TMGMV in N. glauca (2) , and it is likely that as mutations accumulated in the TMV population its relative fitness decreased.
MATERIALS AND METHODS
Viral isolates. TMV and TMGMV isolates were obtained from N. glauca leaves freshly collected or from specimens stored at the NSW Herbarium (Sydney, Australia); details are provided in Results and Table 1 . Strains U1-TMV and U2-and U5-TMGMV have been described previously (35) . All isolates or strains were multiplied for molecular studies in Nicotiana tabacum cv. Samsun in a greenhouse at 20 to 25°C. Virions were purified and virion RNA was extracted as described by Bruening et al. (5) .
Nucleic acid analyses. Ribonuclease protection assays (RPAs) were done as described by Aranda et al. (1) . Probes were complementary to nucleotides 4885 to 5534 and 5080 to 5665 of TMGMV and TMV, respectively, in the 30-kDa open reading frame (ORF) (all nucleotide numbers are as in references 17 and 37). Nucleotide sequences were determined by dideoxynucleoside triphosphate termination of reverse transcriptase products from the genomic RNA, as described by Fichot and Girard (12) . The sequences of two regions were determined: region I, including nucleotides 912 to 1250 of TMV or 899 to 1246 of TMGMV, and region II, including nucleotides 3477 to 3781 of TMV or 3461 to 3769 of TMGMV. For sequencing reactions primers 5Ј GGTAAGTTAACGC TTTGGCTTG 3Ј, complementary to nucleotides 1319 to 1298 of TMGMV; 5Ј CGTATGTAAGAGCTTTCGCCC 3Ј, complementary to nucleotides 1317 to 1297 of TMV; and 5Ј ATCAAAAAACTTATCTAC 3Ј, complementary to nucleotides 3799 to 3782 of TMGMV and to 3812 to 3795 of TMV, were used.
Estimation of viral concentration in N. glauca plants. The youngest fully expanded leaf of N. glauca plants with 5 to 6 leaves was either inoculated with each TMV or TMGMV isolate or doubly inoculated with all possible combinations of TMV and TMGMV isolates. A 10-g/ml suspension of purified virus in 10 mM sodium phosphate buffer (pH 7.2) was used for single inoculations. For mixed inoculations each isolate was at a concentration of 5 g/ml in the inoculum. Ten plants were inoculated with each inoculum, and 20 days after inoculation, nucleic acids were extracted from 0.2 g (fresh weight) of the fourth leaf above the inoculated one, as described by Moriones et al. (25) , and were resuspended in 100 l of water. Twenty-five microliters of RNA from each individual plant, either undiluted or diluted 1:10 in water, was applied to nitrocellulose membranes for dot-blot hybridization analyses. Blots were hybridized with 32 Plabelled RNA probes complementary to nucleotides 5456 to 5665 of U1-TMV and 5434 to 5655 of U2-TMGMV, which specifically hybridize with TMV or TMGMV RNA. Hybridizations were done at 65°C in 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-2ϫ Denhardt's mix-0.1% sodium dodecyl sulfate (SDS) overnight, after 6 h of prehybridization at 65°C in the same buffer. After hybridization, membranes were washed once for 20 min at room temperature in 1ϫ SSC-0.1% SDS and three times for 20 min at 68°C in 0.2ϫ SSC-0.1% SDS (34) . In each blot, series of 1:2.5 dilutions of U1-TMV or U2-TMGMV RNA (0.25 g to 1 ng) were included as controls. The amount of hybridization of each assay sample with each probe was estimated densitometrically, using the values from the U1 and U2 RNA controls, to quantify the amount of TMV and TMGMV RNA in each sample. The individual assay results used were those that fell within the linear range of the relationship between bound radioactivity (absorbance) and the amount of RNA, which was established by using measured amounts of RNA.
Calculation of evolutionary rates. Genetic distances were estimated from sequence data by the method described by Pamilo and Bianchi (29) and Li (22) (hereafter referred to as the PBL method) with the matdisli program from Andrey Zharkikh (University of Texas, Houston). The relationships between sequences were assessed by the neighbor-joining method (33) .
Nucleotide sequence accession numbers. The nucleotide sequences discussed in this paper were deposited in the EMBL, GenBank, and DDBJ databases under accession no. Z84364 to Z84407, X95142, and X94719.
RESULTS
Tobamovirus isolates from herbarium specimens of N. glauca. TMGMV, like other tobamoviruses, has very stable, rod-shaped virions that remain viable for long periods in dried infected plant material (18) . This prompted us to try to recover infectious TMGMV from herbarium specimens of N. glauca. The traditional practice in most herbaria has been to soak specimens in Carnoy's fluid, a preservative fluid containing mercuric salts. When dried TMGMV-infected N. glauca leaves were treated with Carnoy's fluid and stored at 25°C, 90 to 95% of the infectivity was lost within 3 months (15a). This explains why attempts to recover TMGMV from N. glauca specimens from the State Herbarium of Victoria (Melbourne, Australia) and from the herbarium at the Botanic Garden of Madrid were only successful with the specimens deposited after ca. 1970. Exceptionally, the NSW Herbarium has not used Carnoy's fluid for preservation. Small dried leaf or stem samples from each of 25 N. glauca herbarium specimens gathered around NSW between 1893 and 1972 were ground in water and inoculated into 3 to 5 plants each of N. tabacum cv. Samsun, Nicotiana clevelandii, and Nicotiana glutinosa. Special precautions were taken to avoid cross-contamination between the herbarium isolates: inoculated plants were surrounded by noninoculated Samsun tobacco plants, and each such group of plants was separated from the others by Perpex screens. The herbarium material was not inoculated in the order in which it was collected from the herbarium or according to the age of the specimen but at random. Inocula from 13 of the 25 herbarium samples infected at least half of the test plants into which they were inoculated. All the infected test plants showed symptoms of infection within 10 to 15 days, and none of the plants inoculated with other inocula, nor any of the uninoculated plants, became infected. These results indicate that the test plants had become infected from virus in the inoculum, not from contamination. There was no correlation between the year in which the N. glauca specimen was collected and the success or failure in recovering a tobamovirus (data not shown). Viruses were obtained from plants collected from 1899 to 1972 (Table 1) .
In tobacco, some of the isolates induced mild mosaic symptoms typical of TMGMV whereas others induced severe mosaic and leaf distortion typical of TMV. RPAs with probes representing the 30-kDa ORFs of TMGMV and TMV showed that six of the tobamovirus isolates recovered from the herbarium specimens were TMGMV (H6, H7, H9, H10, H13, and H15), three of the isolates were TMV (H12, H17, and H23), and four were mixtures of TMV and TMGMV (H1, H4, H20, and H21) ( Table 1 ). The mixed isolates were then inoculated into N. glutinosa plants, which produce necrotic local lesions with both TMV and TMGMV. One hundred local lesions of each isolate were transferred to young Nicotiana sylvestris plants, because in that species TMV produces a systemic mosaic and TMGMV produces necrotic local lesions (35) . By using these two species, the TMV and TMGMV isolates present in samples H1, H20, and H21 were separated. No TMGMV was recovered from sample H4. For consistency, both the TMV and TMGMV isolates were replicated in Samsun tobacco and TMV isolates H12, H17, and H23 and TMGMV isolates H6, H7, H9, H10, H13, and H15 were cloned by passaging single lesions obtained from N. glutinosa into tobacco. The collection of seven TMV and nine TMGMV isolates from herbarium material was then complemented with isolates collected from wild N. glauca plants from the same areas of NSW in 1985 and 1993. These plants yielded only TMGMV isolates (Table 1) .
Analysis of the genetic diversity of TMV and TMGMV isolates. The nucleotide sequences of two randomly chosen regions in the tobamovirus genome were determined. These regions comprise nucleotides 912 to 1250 (region I) and 3477 to 3781 (region II) of the TMV genome (numbered as in reference 17) and nucleotides 899 to 1246 (region I) and 3461 to 3769 (region II) of the TMGMV genome (numbered as in reference 37), and they represent a total of about 10% of the genomic RNA. It was found that region I of isolate H7 was of TMV type, whereas region II was of TMGMV type. When neighbor-joining (33) phylogenetic trees were made for regions I and II of a set of 19 tobamovirus isolates, region I of isolate H7 clustered with TMV isolates and region II clustered with TMGMV isolates. For both regions this clustering was supported by all the trees in a bootstrap analysis with 1,000 replicates. Thus, isolate H7 is a recombinant of TMV and TMGMV, with a recombination point somewhere between nucleotides 1250 and 3461. As the 30-kDa ORF probe of TMGMV (nucleotides 5080 to 5665), but not that of TMV, was protected by H7 in RPA, it is possible that all of the H7 genome to the 3Ј side of nucleotide 3461 is from its TMGMV ancestor. Because it is a recombinant, isolate H7 was not included in the analyses described below. Sequence data were also used to estimate nucleotide diversities at synonymous sites (d S ) that lead to changes in encoded protein sequences and diversities at nonsynonymous sites (d NS ) that do not. Diversity values were estimated by the PBL method. When the combined sequences were used, the diversity values, best indicated by d S , were about four times smaller for TMGMV than for TMV (Table 2) , despite the fact that there were more isolates, collected over a longer time, for TMGMV than for TMV. The greater diversity of TMV was mostly in region I, and the region II diversity values of TMV were only twice those of TMGMV. The diversity values of the two genome regions of TMGMV were the same, but TMV region I was about three times more diverse than TMV region II ( Table 2 ). The d NS /d S ratio of both regions, or of the combined sequences, was two to three times smaller for TMV than for TMGMV ( Table 2 TMV has been replaced by TMGMV in N. glauca in NSW. The data from the herbarium specimens (Table 1) indicate that both TMV and TMGMV were isolated from N. glauca plants collected before about 1950 but only TMGMV was isolated after that. This was further confirmed by the fact that only TMGMV was isolated from living N. glauca plants collected in 1985 and 1993 from NSW. Four accessions of N. glauca seeds collected along a 700-km north-south transect in central NSW and one accession from southeastern Spain reacted similarly to infection by various isolates of TMV (U1, H23, and H12) and TMGMV (U5 and H6); in plants of all five accessions TMGMV attained greater concentrations than TMV, and in mixed infections TMGMV overcame TMV. Plants from seeds collected at Peak Hill, NSW (isolate GAE2), were then used for a competition experiment involving the seven TMV isolates and the eight TMGMV isolates, except H7, plus Poon. Plants inoculated with H4a and H12 were discarded, as uninoculated control plants became infected. Table 3 shows that TMV concentrations in N. glauca leaves were, on average, about half of those of TMGMV. When TMV isolates were coinoculated along with TMGMV, TMV accumulation was significantly depressed, while TMGMV accumulation was not affected by the presence of TMV (Table 3 ). The data in column A of Table 3 suggest a decline of fitness of TMV isolates with time. Nevertheless, there was no significant correlation between the year in which the host plant was collected and the accumulation level for either TMV or TMGMV isolates, even in mixed infections. Selection responses should be expected, at least in the winner side, if selection pressure for competition ability had been applied upon the system. Thus, the results (Table 3) provide no evidence of selection of these virus populations. However we were unable to test other ecologically important characteristics of the TMV isolates, such as their ability to spread.
DISCUSSION
In spite of the high potential of RNA genomes to vary (9), some RNA viruses seem to change little, or not at all, over time. There are reports of such genetic stability for some animal viruses (26) , but the phenomenon has perhaps been best documented for two plant RNA viruses, TYMV and TMGMV, by our two laboratories. TYMV isolates from wild Cardamine robusta plants growing in alpine areas of southeastern Australia differ by no more than 3 to 5% in nucleotide sequence (mostly synonymous differences) from isolates of one of the two types of TYMV found in Europe (3, 36) , even though it is likely that the Australian population was derived from the European population before the last glaciation, which ended 13,000 to 14,000 years ago (15) . TMGMV isolates from wild N. glauca plants from different regions of the world are also very (22, 29) . Nucleotide diversity is defined here as the average number of nucleotide substitutions per site. The analysis included sequences from all isolates in Table 1 except H7. similar, and the degree of divergence in populations that represent small or large geographic areas is similar (13, 31) . Both of these plant viruses have very limited means of dispersion in nature. TYMV is transmitted specifically by different beetle vectors in the two continents and is rarely seedborne. For TMGMV, no vector has been found: the virus is not seed transmitted in N. glauca (15a, 30) and is transmitted by plantto-plant contact or by human-mediated activities.
The stability of tobamovirus particles (4) and the availability of N. glauca specimens from the NSW Herbarium, where they had not been treated with preservatives, have provided us with isolates of TMV and TMGMV spanning a century. To our knowledge this is the longest series of isolates with known times of isolation available for the study of the evolution of any virus, including even influenza A orthomyxovirus (28, 38) . It is remarkable that sequence analysis shows no increase in genetic diversity among the TMGMV isolates during the 90 years covered. The genetic diversity of the isolates is the same as that reported for a collection of isolates from N. glauca plants in South Australia and NSW in the 1980s and 1990s (13) . Tobamovirus isolates from herbarium material show that TMV and TMGMV have coexisted in wild N. glauca plants in NSW in the past but that from about 1950 onward only TMGMV was found. The fact that the genetic diversity of the TMV isolates was correlated with their time of isolation adds certainty to our conclusion that the isolates were from the original N. glauca samples and did not come from contamination during storage or isolation. N. glauca populations may have lost TMV, and retained TMGMV, in other parts of the world, too; in the 1920s and 1930s, McKinney found both TMV and TMGMV in N. glauca from the Canary Islands (24) , whereas only TMGMV is found there now (14a). When TMV and TMGMV coexisted in the NSW N. glauca population, mixed infections were probably frequent, as attested by the data in Table 1 and confirmed by the occurrence of one recombinant of the two viruses. We know of only one record of a recombinant tobamovirus, odontoglossum ringspot virus (16, 21, 32) . Their infrequency may be due to the fact that many, if not most, recombinants will be less competitive than the parental viruses (14, 20) , so it is interesting to note the high fitness of H7, whose concentration in N. glauca leaves was greater than for any other assayed isolate (10.51 Ϯ 1.93 mg of RNA/g [fresh weight]).
The loss of TMV from the N. glauca population does not seem to be due to a specific interaction between the viruses, as no evidence for selection was found. N. glauca has been reported to be a better host for TMGMV than for TMV (2) . The data we present here confirm this and show, in addition, that for all TMV isolates the accumulation level in N. glauca is much depressed in coinfections with TMGMV. Thus, the presence of TMGMV in N. glauca results in a decrease of its carrying capacity for TMV and in a reduction as large as 10-fold of TMV concentration in the population (Table 3) . This may drive the TMV population below the threshold needed to eliminate deleterious mutants resulting from errors during RNA replication, a relationship between fitness loss and population size that has been reported for vesicular stomatitis vesiculovirus (8, 27) . This could also explain the increase of d S values with time for TMV compared with its constancy for TMGMV. TMV d NS values remain constant with time, but nonsynonymous mutations would be expected to have a much greater impact on the survival of the virus than synonymous mutations. Thus, our data suggest that the loss of TMV from the mixed TMGMV-TMV virus population was caused by a decrease of TMV fitness as TMGMV suppressed its population size in N. glauca plants. They also suggest that the conditions which allowed the TMV-TMGMV populations to become established in N. glauca must have been different from those that resulted in the loss of TMV. It is possible that TMV colonized the N. glauca population before TMGMV, although the fact that some of the earliest tobamovirus isolates were TMV alone also suggests that TMV spreads in N. glauca populations more quickly than TMGMV. We have no data on the possible effect of other ecological factors, such as viral reservoirs in other surrounding plants, but no other known natural host for either TMV or TMGMV is found in the N. glauca biotope. The situation which we believe was responsible for the loss of TMV from the N. glauca population, namely, that its population fell below a threshold in which elimination of deleterious mutations became increasingly difficult, has been called a mutational meltdown, or Muller's ratchet (23). Muller's ratchet has been shown to operate in experimental populations (6, 11) , and our data suggest it also does so in natural populations. It is possible that the replacement of one hemagglutinin with another in populations of influenza orthomyxovirus (39) is another instance of the same phenomenon.
